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►  Novel  Liu3iMno.504Nio.243Coo.i2202  cathode  material  is  synthesized  by  freeze  drying. 

►  Initial  discharge  capacity  of  246.5  mAh  g_1  is  obtained  at  0.1  C  (1  C  =  200  mA  g  **). 

►  Initial  discharge  capacity  of  197.8  mAh  g  1  is  obtained  at  1  C 

►  Diffusion  coefficients  of  Li+  of  10  14-10  18  cm2  s'1  are  obtained  by  GITT. 
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Well-formed  Lii.i3iMno.504Nio.243Coo.i22C>2  cathode  materials  are  synthesized  via  freeze  drying  followed 
by  a  solid  state  reaction  at  temperatures  of  750-900  °C.  Among  these  oxides,  the  one  synthesized  at 
800  °C  delivers  the  highest  initial  discharge  capacity  of  246.5  mAh  g  1  at  0.1  C  (1  C  =  200  mA  g  ') 
between  2.5  V  and  4.8  V.  Enhancing  the  discharge  rate  to  1  C,  initial  capacity  of  197.8  mAh  g-1  is  ob¬ 
tained,  and  78.8%  capacity  is  retained  after  50  cycles.  Furthermore,  the  diffusion  coefficients  of  Li+  in  the 
lithium-rich  layered  oxide  are  about  10  14  cm2  s  1  and  10  15  cm2  s  1  for  the  initial  charge  platform  at 
3.90  V  and  4.55  V,  respectively,  determined  by  galvanostatic  intermittent  titration  technique  (GITT).  The 
Liu3iMno.504Nio.243Coo.i22C>2  prepared  by  freeze  drying  is  a  promising  cathode  material  for  lithium  ion 
batteries. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  number  of  efforts  have  been  made  recently  to  explore  an 
alternative  cathode  material  for  lithium  ion  batteries  with  the 
performances  superior  to  commercial  LiCoCh  [1 — 6].  Layered 
LiMnxNixCoi_2X02  (0  <  X  <  0.5),  which  exhibit  excellent  perfor¬ 
mances  comparable  to  LiCo02  with  respect  to  capacity,  cycle 
stability,  economy  and  safety  have  been  extensively  investigated 
[7—10].  LiMno4Nio.4Coo.2O2,  as  one  of  the  family  members, 
possesses  good  electrochemical  performances  [11,12],  In  order  to 
meet  exponential  growth  demands  in  portable  electronics,  and 
pure  electric  vehicle,  excess  lithium  and  manganese  were  added  to 
form  a  Li-rich  compound  as  x  L^MnChO  -  x)  LiMno.4Nio.4Coo.2O2 
(0  <  x  <  1 ).  It  was  reported  that  the  discharge  capacity  increased 
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with  the  increase  of  x  [13],  and  0.4Li2MnO3 •  CL6LiMno.4Nio.4Coo.2O2 
synthesized  by  Jin-Long  Liu  et  al.  delivered  a  discharge  capacity  of 
250  mAh  g-1  in  the  voltage  range  of  2-4.8  V  [14],  The  x 
Li2Mn03-(l  -  x)  LiMno.4Nio4Coo.2O2  (0  <  x  <  1)  are  promising 
cathode  materials  for  lithium  ion  batteries  [15]. 

In  addition,  xLi2Mn03  (l  -  x)  LiM02  (M  =  Mn,  Ni,  Co)  cathode 
materials  are  generally  prepared  by  co-precipitation  [16-19],  Li 
[Lio.2Mno.54Nio.i3Coo.i3]02  prepared  by  Yu  et  al.  [20]  was  composed 
of  spherical  particles  with  sizes  of  5—10  pm  and  exhibited  good 
electrochemical  performances.  However,  such  slow  co¬ 
precipitation  method  needs  precise  control  of  the  reaction  condi¬ 
tions.  For  example,  the  feeding  speed  should  be  adjusted  every  time 
to  maintain  the  pH  value.  For  these  reasons,  other  method  should 
also  be  investigated  to  synthesize  the  Li-rich  layered  compounds. 

Freeze-drying  method  was  ever  used  to  synthesize  cathode 
materials,  such  as  LiFeP04  [21-23],  LiMn204  [24],  LiM02  (M  =  Mn, 
Ni,  Co)  [25,26],  and  so  on.  Through  simple  freeze  and  sublimation 
processes,  the  uniform  state  in  solution  could  be  retained  to  obtain 
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the  precursors  which  were  mixed  at  atomic  level.  The  preparation 
process  is  much  simpler  than  co-precipitation  and  excellent  elec¬ 
trochemical  performances  can  also  be  obtained.  In  this  present 
work,  freeze-drying  method  is  performed  to  synthesize  a  novel  Li- 
rich  compound  Lii33iMno.504Nio.243Coo.t2202  (0.3Li2Mn03-0.7 
LiMno.4Nio.4Coo.2O2).  The  morphology,  structure  and  electro¬ 
chemical  performances  are  studied  in  detail.  The  results  show  that 
the  freeze-drying  method  should  also  be  a  promising  way  to 
prepare  the  Li-rich  layered  oxide  cathode  materials. 

2.  Experimental 

In  the  freeze-drying  method,  stoichiometric  amounts  of  LiN03, 
Ni(N03)2-6H20,  Co(N03)2-4H20,  and  50  wt.%  Mn(N03)2  solution 
were  dissolved  in  the  deionized  water.  Then  a  desired  amount  of 
urea  was  added  in  the  solution.  The  molar  ratio  of  urea  and  total 
transition  metal  ions  (including  Mn2+,  Ni2+  and  Co2+)  was  1:3. 
Ammonia  was  used  to  adjust  the  pH  value  of  the  solution  to  7.0.  At 
last,  2  M  citric  acid  solution  was  dropped  into  the  mixture  until 
a  clear  solution  was  obtained.  The  as-confected  solution  was  cooled 
to-20  °C  and  freeze-dried  at  this  temperature  for  more  than  2  days 
until  the  mixture  became  dry.  After  that,  the  obtained  powder  was 
first  calcined  at  500  °C  in  air  for  10  h  to  remove  the  organic 
compounds.  Then  the  powder  was  ground  thoroughly,  and  again 
calcined  at  750  °C,  800  °C,  850  °C  and  900  °C  in  air  for  12  h.  The  as- 
synthesized  oxides  were  named  as  LMNCO-750,  LMNCO-800, 
LMNCO-850  and  LMNCO-900  for  short. 

The  morphologies  and  structures  of  the  as-synthesized  powders 
were  characterized  using  field  emission  scanning  electron 
microscopy  (FESEM,  S-4800  coupled  with  EDX),  X-ray  diffraction 
(XRD,  RIGAKU  D/Max-2550  with  Cu  Ka  radiation).  The  element 
amount  was  analyzed  by  inductively  coupled  plasma  emission 
spectrometer  (ICP,  IRIS  Intrepid  II). 

The  working  electrodes  were  prepared  by  a  slurry  coating 
procedure.  The  slurry  consisted  of  85  wt.%  as-synthesized  mate¬ 
rials,  10  wt.%  carbon  conductive  agent  (acetylene  black)  and  5  wt.% 
polyvinylidene  fluoride  (PVDF)  was  coated  on  aluminum  foil.  After 
dried  at  90  °C  for  24  h  in  vacuum,  the  sample  was  pressed  under 
a  pressure  of  20  MPa.  A  metallic  lithium  foil  served  as  the  anode, 
1  M  LiPF6  in  ethylene  carbonate  (EC)-dimethyl  carbonate  (DMC) 
(1:1  in  volume)  was  used  as  the  electrolyte,  and  a  polypropylene 
micro-porous  film  (Cellgard  2300)  as  the  separator.  The  cells  were 
assembled  in  an  argon-filled  glove  box.  The  galvanostatic 
discharge— charge  tests  were  performed  with  coin-type  cells 
(CR2025)  on  a  LAND  battery  program-control  test  system  (Wuhan, 
China)  between  2.5  and  4.8  V  at  the  charge-discharge  rates  from 
0.1  to  10  C  (1  C  =  200  mA  g-1)  at  room  temperature.  Galvanostatic 
intermittent  titration  technique  (GITT)  was  also  conducted  on  this 
apparatus  in  the  voltage  range  of  2.5— 4.8  V.  Cyclic  voltammetry 
(CV)  test  was  carried  out  on  an  electrochemical  workstation 
(CHI660C)  in  the  potential  window  of  2.5-4.8  V  (vs.  Li/Li+)  at  a  scan 
rate  of  0.1  mV  s  l  Electrochemical  impedance  spectroscopy  (EIS) 
measurements  were  performed  on  this  apparatus  using  a  three- 
electrode  cell  with  the  layered  oxide  as  the  working  electrode, 
metallic  lithium  foil  as  both  the  counter  and  reference  electrodes. 
The  amplitude  of  the  AC  signal  was  5  mV  over  a  frequency  range 
from  100  kHz  to  10  mHz  at  a  charge  state  of  4.5  V. 

3.  Results  and  discussion 

3.1.  Material  characterization 

In  order  to  remove  the  influence  of  the  Li  amount,  chemical 
analysis  of  the  element  amount  was  performed  by  ICP.  And  the 
analytical  results  are  shown  in  Table  1.  The  experimental  Li  ratio  is 


Table  1 

Results  of  ICP  and  the  value  of  I003/I104.  (Zoos  +  Ioi2)/fioi  calculated  from  the  XRD  data. 
The  amount  of  Co  is  fixed  as  the  theoretical  value  of  0.122. 


Sample  Li  Mn  Ni  Co  I003//104  Oooe  +  loial/hoi 

750 'C  1.13(8)  0.503(8)  0.242(6)  0.122  1.894  0.368 

800  °C  1.13(6)  0.504(2)  0.242(8)  0.122  1.838  0.326 

850  °C  1.13(6)  0.504(8)  0.242(8)  0.122  1.872  0.330 

900  °C  1.13(2)  0.503(1)  0.243(1)  0.122 


found  to  be  a  little  larger  than  the  theoretical  composition 
(Li  =  1.131 ).  However,  the  excess  Li  (3%)  is  almost  consumed  during 
the  solid  state  reaction.  Fig.  1  shows  the  XRD  patterns  of  Li-rich 
oxides  synthesized  at  different  temperatures.  For  LMNCO-750, 
LMNCO-800  and  LMNCO-850,  the  other  peaks  except  the  super¬ 
lattice  peaks  between  20°  and  25°  can  be  indexed  to  a-NaFe02 
structure  with  space  group  R-3m  (Fig.  1(a)).  The  weak  peaks 
between  20°  and  25°,  as  clearly  shown  in  Fig.  1(b),  are  consistent 
with  the  LiMn6  cation  arrangement  that  occurs  in  the  transition 
metal  layers  of  Li2Mn03  regions  (nano-domains  of  Li2Mn03:  It 
indicates  that  the  Li2MnC>3  regions  are  extremely  small  and  they  are 
distributed  randomly  throughout  the  composite  structure  [13]). 
These  can  be  indexed  to  the  monoclinic  unit  cell  C2/m  [27,28],  No 
peak  for  any  impurity  phase  is  detected  in  the  patterns,  indicating 


2-Theta  (degree) 


2-Theta  (degree) 


Fig.  1.  XRD  patterns  of  (a)  Liu3iMn0.504Nio.243Coo.i2202  synthesized  at  different 
temperatures,  (b)  A  section  of  (a)  from  15°  to  40°. 
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the  high  purity  of  the  as-synthesized  oxides.  However,  for  LMNCO- 
900,  the  peaks  which  belong  to  the  monoclinic  unit  cell  C2/m  are 
not  covered  by  the  strong  peaks  of  a-NaFeC>2  structure.  The 
movement  of  the  peaks  indicates  that  an  independent  LhMnCb 
phase  or  large  enough  Li2MnC>3  regions  appear  in  the  compound.  It 
has  been  reported  [13,29]  that  during  the  formation  of  the  layered 
oxides,  LiMn6  cation  arrangement  has  a  priority  to  form  first  due  to 
the  thermodynamics  factors.  Therefore,  such  phenomenon  results 
from  the  exorbitant  high  temperature  performed  during  the  solid 
state  reaction.  It  will  accelerate  the  formation  of  Li2MnC>3  regions, 
and  thus  the  superlattice  between  R-3m  symmetry  and  C2/m 
symmetry  is  not  well  formed.  In  addition,  as  the  synthesis 
temperature  increases,  the  weak  peaks  with  respect  to  the  LiMn6 
cation  arrangement  between  20°  and  25°  become  more  symmet¬ 
rical  and  sharper.  The  single  broad  peak  at  20.9°  of  the  oxides 
synthesized  at  lower  temperature  can  be  ascribed  to  an  increase  in 
the  amount  of  stacking  faults  (shifting  of  the  transition  metal  layers 
perpendicular  to  the  layered  (001)  direction)  [30],  The  role  of 
stacking  faults  on  the  electrochemical  performances  of  the  cathode 
material  is  unclear.  However,  from  thermodynamics,  the  intro¬ 
duction  of  stacking  faults  and  other  defects  may  increase  the 
energy  state  of  the  material,  which  may  decrease  the  activation 
barrier  for  Li+  diffusion  and  allow  Li+  to  extract  at  a  lower  potential. 


Apparently,  it  will  make  the  activation  of  the  Li2MnC>3  regions 
easier  during  charge  process  to  some  degree  [30], 

Furthermore,  it  has  been  reported  that  the  ordering  of  the 
material  structure  can  be  indicated  from  the  XRD  patterns  with  the 
/003/I104  and  (/006  +  foi2)/fioi  (R  factor)  intensity  ratios  and  the 
degree  of  (006)/(102)  and  (108)/(110)  peak  splitting  [6,31,32],  The 
values  of  /003/L04,  (foo6  +  hu)lhoi  of  the  compounds  are  shown  in 
Table  1.  All  the  oxides  except  LMNCO-900  have  large  ratios  of  J003/ 
ho4  above  1.8  and  small  values  of  R  factor  below  0.4,  indicating 
a  well-formed  layered  structure.  Among  them,  LMNCO-800  with 
distinct  splitting  (006)/(102)  and  (108)/(110)  peak,  and  the  smallest 
value  of  R  factor  will  probably  exhibit  the  best  electrochemical 
performances. 

The  SEM  images  of  the  precursor  and  Li-rich  oxides  synthesized 
at  different  temperatures  are  shown  in  Fig.  2.  As  shown  in  Fig.  2(a), 
the  precursor  is  similar  to  colloidal  agglomerate  with  small  parti¬ 
cles  uniformly  dispersing  on  the  surface.  After  solid  state  reaction, 
the  organic  components  are  removed  and  clear  grain  is  obtained. 
Fig.  2(b)— (e)  shows  the  morphologies  of  Li1.131Mno.504Nio.243- 
C00.122O2  synthesized  at  different  temperatures.  Apparently,  as  the 
synthesis  temperature  increases,  the  particle  size  increases,  too, 
and  the  crystallinity  of  the  oxides  becomes  better.  All  the  oxide 
particles  are  well-distributed,  and  the  particle  sizes  are  50-100  nm, 


Fig.  2.  SEM  images  of  (a)  precursor  and  Li1.,31Mno.504Nio.243Coo.i2202  synthesized  at  (b)  750  °C,  (c)  800  °C,  (d)  850  °C  and  (e) ! 
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100-200  nm,  200-300  nm  and  200-500  nm  for  the  ones 
synthesized  at  750  °C,  800  °C  850  °C  and  900  °C,  respectively.  The 
well-distributed  particles  are  attributed  to  the  homogenous 
precursor  prepared  by  freeze  drying.  In  addition,  micron  holes  form 
due  to  the  gas  removal  resulting  from  the  oxidation  of  the  organic 
components  and  nitrate.  Furthermore,  the  second  particles  have 
the  trend  of  forming  balls  due  to  the  surface  force.  Such 
morphology  is  beneficial  for  reducing  the  agglomerate  and  avail¬ 
able  for  the  contact  between  the  oxide  particles  and  electrolyte. 

3.2.  Electrochemical  properties 

The  initial  charge— discharge  curves  of  Li1.131Mn0.504Ni0.243- 
C00.122O2  at  0.1  C  (1  C  =  200  mA  g_1)  between  2.5  V  and  4.8  V  are 
shown  in  Fig.  3.  As  normal  Li-rich  layered  oxides,  there  is  a  charge 
platform  at  about  4.5  V  which  appears  only  at  the  initial  cycle. 
Among  these  oxides,  LMNCO-800  has  the  largest  initial  charge  and 
discharge  capacity  of  324.1  mAh  g-1  and  246.5  mAh  g-1,  respec¬ 
tively.  The  charge  capacity  approaches  to  its  theoretical  value 
(329  mAh  g-1).  However,  the  initial  charge-discharge  efficiency  is 
low,  only  about  76.1%.  It  has  been  reported  [13,33]  that  the  lost 
reversible  capacity  results  from  the  removal  of  L^O  in  the  Li2MnC>3 
regions.  It  is  interesting  that  the  electrochemical  inactive  Li2MnC>3 
region  becomes  active  after  removing  of  Li20  from  the  lattice.  This 
activation  usually  happens  when  the  cell  is  charged  above  4.4  V  (vs. 
Li+/Li),  as  the  charge  platform  at  about  4.5  V  is  observed  in  Fig.  3. 
LMNCO-750  and  LMNCO-850  also  have  high  charge  and  discharge 
capacity  of  318  mAh  g-1  and  237.4  mAh  g~\  312.3  mAh  g-1  and 
235.1  mAh  g  \  respectively.  However,  LMNCO-900  without  well- 
formed  layered  structure,  exhibits  the  lowest  charge  and 
discharge  capacity  of  only  277.9  mAh  g-1  and  177.4  mAh  g 
respectively.  It  is  reported  that  Li2MnC>3  synthesized  at  high 
temperature  above  900  °C  has  rather  poor  electrochemical 
performance,  unless  it  is  well  composed  of  R-3m  symmetry  struc¬ 
ture  to  form  superlattice  [13,30,34],  Furthermore,  the  large  particle 
sizes  of  LMNCO-900,  as  shown  in  Fig.  2(e),  will  partly  lead  to  the 
poor  electrochemical  performance  due  to  small  specific  surface 
area,  long  diffusion  distance  and  so  on.  Because  of  the  poor  elec¬ 
trochemical  performance  of  LMNCO-900,  its  cycle  performance  and 
rate  capability  are  not  displayed  later. 

Fig.  4  shows  the  cycle  performance  of  Li1.131Mn0.504Ni0.243- 
C00.122O2  at  1  C  after  4  cycles  at  0.1  C  for  activation.  LMNCO-800  still 
has  the  highest  initial  discharge  capacity  of  197.8  mAh  g-1  at  1  C. 
Such  high  discharge  capacity  at  the  evaluated  rate  is  due  to  the 
well-formed  structure  and  uniform  particle  size.  After  50  cycles, 
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Fig.  4.  Cycle  performance  of  Li1.131Mn0.504Nio.243Co0.i2202  synthesized  at  different 
temperatures  between  2.5  V  and  4.8  V  at  1  C. 

about  20-30%  discharge  capacity  is  lost,  and  LMNCO-800  has  the 
highest  capacity  retention  of  78.8%  at  1  C.  The  dissolution  of  the 
metal  ions  [35—38],  especially  the  manganese  ions  during  charge- 
discharge  process  has  been  demonstrated  to  mainly  affect  the  cycle 
stability.  The  mechanism  of  the  Mn  dissolution  can  be  explained  as 
follows: 


0.1c 


750°C 

800°C 

850°C 


Mn3  f  -Charge-diSCharge  >  Mn4  '  +  Mn2+ 


(1) 


The  lower  the  synthesis  temperature  is,  the  lower  the  oxidation 
state  of  Mn  is.  Not  all  the  Mn  is  in  the  oxidation  state  of  4+,  part  will 
stay  at  the  oxidation  state  of  3+,  and  this  part  of  Mn  will  be  easily 
dissolved.  In  addition,  during  discharging  to  a  low  potential,  part  of 
Mn4+  will  be  reduced  to  Mn3+.  Furthermore,  it  is  demonstrated  that 
extensive  removal  of  L^O  appears  to  damage  the  electrode  surface 
during  electrochemical  activation,  leading  to  the  increase  of  cell 
impedance  [13,39],  And  the  destruction  of  the  electrode  surface  will 
also  accelerate  the  dissolution  of  the  metal  ions.  So  the  discharge 
capacity  decreases  steadily  on  cycling,  particularly  when  the  high 
current  rates  are  performed.  The  way  of  improving  the  cycle 
performance  of  Li-rich  layered  oxides  has  been  extensively  inves¬ 
tigated  [19,40],  Further  work  will  also  be  carried  out  in  our  group. 

The  rate  capability  of  Lii.i3iMno.so4Nio.243Coo.i2202  is  displayed 
in  Fig.  5  from  0.1  C  to  10  C  between  2.5  V  and  4.8  V.  The  cells  are 
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charged  and  discharged  at  the  same  rate.  As  shown  in  this  figure, 
LMNCO-800  has  the  best  rate  capability.  And  the  discharge  capacity 
of  246.5,  204.8, 174.4, 140.5,  97.5  and  69.4  mAh  g"1  are  obtained  at 
0.1  C,  0.5  C,  1  C,  2  C,  5  C  and  10  C,  respectively.  The  decrease  of  the 
capacity  at  elevated  rate  is  ascribed  to  the  abundant  lattice  disor¬ 
ders  produced  during  the  transformation  from  Li1.131Mn0.504_ 
Nio.243Coo.i2202  to  LixMno.504Nio.243Coo.i2202  as  the  Li20  is  removed 
[41],  They  will  block  the  transfer  of  Li+  and  thus  the  diffusion 
coefficient  of  Li+  decreases.  This  is  accordant  with  the  result  of  the 
GITT  test  later.  While  LMNCO-850  has  the  worst  rate  capability, 
which  is  due  to  the  largest  particles,  smallest  surface  areas  and  the 
longest  diffusion  distance. 

CV  tests  are  performed  to  further  understand  the  materials 
synthesized  at  different  temperatures.  Fig.  6(a)  shows  the  initial  CV 
curves  of  Lii ,i3iMno.504Nio.243Coo.i2202.  The  curves  are  sharp, 
symmetrical  and  accordant  with  the  initial  charge— discharge 
curves.  There  are  two  main  oxidation  peaks,  one  at  about  3.9  V 
and  another  at  about  4.6  V.  The  peak  at  low  potential  is  ascribed  to 
the  extraction  of  Li+  from  the  LiMC>2  (M  =  Mn,  Ni,  Co)  structure, 
which  is  accompanying  with  oxidation  of  Ni2+.  And  another  peak  at 
4.6  V  is  related  to  the  activation  of  the  Li2MnC>3  regions.  It  has  been 
demonstrated  that  when  the  Li-rich  oxide  is  charged  above  4.4  V, 
excess  Li  would  extract  from  the  L^MnCb  region,  accompanying 
with  loss  of  O  [33],  Interestingly,  the  inactive  Li2MnC>3  becomes 
active  [MnCh],  and  during  the  following  discharge  process,  a  high 
initial  discharge  capacity  of  246.5  mAh  g-1  is  obtained  in  our  work, 
approaching  to  the  theory  capacity  (~260  mAh  g-1,  calculated 
from  the  mass  of  the  parent  xL^MnCbO  -  x)LiM02  electrode 


before  electrochemical  activation  when  charged  and  discharged  in 
the  potential  of  2— 5  V  (vs.  Li/Li+)).  However,  in  the  second  cycle,  the 
activation  peak  disappears,  as  shown  in  Fig.  6(b).  Furthermore,  it  is 
clearly  shown  that  the  activation  peak  becomes  weak,  as  the 
synthesis  temperature  increases.  It  is  demonstrated  [30]  that  the  Li- 
rich  layered  oxide  synthesized  at  lower  temperature  may  possess 
more  defects,  such  as  stacking  faults,  dislocations  and  vacancy, 
which  may  decrease  the  activation  barrier  for  Li+  diffusion.  Thus,  it 
is  easier  for  the  activation  of  Li2Mn03  regions. 

Fig.  7(a)  shows  the  Nyquist  plots  of  LMNCO-750,  LMNCO-800 
and  LMNCO-850  at  the  charge  state  of  4.5  V  in  the  third  cycle.  The 
shapes  of  the  Nyquist  plots  are  similar.  They  are  composed  of 
a  small  interrupt  and  a  semicircle  in  the  high  frequency, 
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Fig.  7.  Nyquist  plots  of  (a)  Lii.mMno  504Nio.243Coo.i2202  and  (b)  LiMno4Nio.4Coo.2O2 
synthesized  at  different  temperatures  in  the  third  cycle  at  a  charge  state  of  4.5  V,  (c) 
equivalent  circuit  performed  to  fit  the  curves  in  (a)  and  (b). 


al.  /  Journal  of  Power  Sources  221  (2013)  300—307 


SJ.  Shi  et 


a  semicircle  in  the  high  to  medium  frequency  and  a  quasi-straight 
line  in  the  low  frequency.  The  small  interrupt  in  the  high  frequency 
is  almost  the  same  for  all  the  oxide  electrodes,  which  corresponds 
to  the  solution  impedance  Re.  The  small  semicircle  in  the  high 
frequency  is  assigned  to  the  impedance  (Rf)  of  Li+  diffusion  in  the 
surface  layer  (SEI  film);  another  semicircle  in  the  high  to  medium 
frequency  is  assigned  to  the  impedance  of  charge  transfer  reaction 
(Ret);  and  the  quasi-straight  line  in  the  low  frequency  is  assigned  to 
Warburg  impedance  which  refers  to  the  impedance  of  Li+  diffusion 
in  bulk  material  [17,42],  For  comparison,  the  Nyquist  plots  of 
LiMno.4Nio.4Coo.2O2  at  the  charge  state  of  4.5  V  are  shown  in 
Fig.  7(b).  It  reveals  distinctly  that  Rrt  of  Li2Mn03-based  material  is 
much  larger  than  that  of  LiMno.4Nio.4Coo.2O2.  The  quasi-straight  line 
in  the  low  frequency  which  is  assigned  to  Warburg  impedance  even 
becomes  less  evident  or  disappears  due  to  so  large  Rct.  Such 
phenomenon  can  be  ascribed  to  the  poor  conductivity  of  Li2Mn03 


regions  [13],  In  order  to  further  understand  the  Nyquist  plots,  an 
equivalent  circuit  is  used  to  lit  them,  as  shown  in  Fig.  7(c).  CEPf, 
CEPct  and  Zw  represent  the  non-ideal  capacitance  of  the  surface 
layer,  non-ideal  capacitance  of  the  double-layer  and  Warburg 
impedance,  respectively  [17,43].  The  values  of  Rf  are  calculated  as 
7.09  Cl,  5.32  Cl  and  5.51  Cl  for  LMNCO-750,  LMNCO-800  and  LMNCO- 
850,  respectively.  There  is  no  distinct  difference  for  these  oxides. 
However,  the  value  of  Rct  increases  distinctly  with  the  increase  of 
synthesis  temperature,  127.1  Cl,  234.7  Cl  and  372.8  Cl  for  LMNCO- 
750,  LMNCO-800  and  LMNCO-850,  respectively.  Such  phenom¬ 
enon  is  similar  to  that  observed  by  Zheng  et  al.  [44]  and  in  our 
previous  work  [45],  In  addition,  Rct  of  the  LiMno.4Nio.4Coo.2O2  also 
has  the  same  rule,  as  shown  in  Fig.  7(b). 

Because  of  the  less  evident  Warburg  region,  the  diffusion  coef¬ 
ficient  of  Li+  (Du)  in  the  electrode  cannot  be  calculated  from  the 
Warburg  region  in  Nyquist  plots.  In  view  of  this,  G1TT  test  was 


4.6  4.4  4.2  4.0  3.8  3.6  3.4  3.2  3.0  2.8  2.6 
Potential  (V  vs.  Li/Li+) 

Fig.  8.  (a)  GITT  curves  of  Lii.131Mno.504Nio.243Coo.i2202  in  the  initial  charge-discharge  up  to  4.8  V  (current  flux:  20  mA  g_1,  time  interval:  40  min),  (b)  t  vs.  E  profile  for  a  single  GITT 
titration,  (c)  linear  behavior  of  £  vs.  t1/2,  (d)  diffusion  coefficients  of  Li+  in  Lii.i3iMn0.504Nio.243Coo.i2202  at  different  charge  states,  (e)  diffusion  coefficients  of  Li+  at  different  discharge 
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carried  out  to  evaluate  Djjj  in  the  Li2Mn03-based  oxide.  Fig.  8(a) 
shows  the  GOT  curve  of  Lii.i3iMno.504Nio.243Coo.i2202  synthesized 
at  800  °C  during  the  initial  charge-discharge  process  between 
2.5  V  and  4.8  V.  The  chemical  diffusion  coefficient  of  Li+  (Du+)  is 
calculated  according  to  Eq.  (2)  derived  by  Weppner  and  Huggins  as 
follows  [46]: 


DLi+ 


4  (mVM\2f  A£s 
7t  \MAJ  \V(dt"-  /  dv  j) 


where  Vm  is  the  molar  volume  of  the  compound,  which  is 
20.31  cm3  mol-1  deduced  from  the  crystallographic  data.  M  and  m 
are  the  molecular  weight  and  mass  of  the  Li1.131Mn0.504Ni0.243- 
C00.122O2,  respectively.  A  is  the  interface  between  the  active  mate¬ 
rial  and  electrolyte,  which  is  based  on  the  result  of  the  BET  test 
(6.423  m2  g_1).  I  is  the  radius  of  the  active  particle.  Fig.  8(b)  shows 
a  typical  t  vs.  E  profile  for  a  single  titration.  If  E  vs.  i1/2  shows 
a  straight  line  behavior  over  the  entire  period  of  current  flux,  as 
shown  in  Fig.  8(c),  Eq.  (2)  can  be  further  simplified  as  [46] 


Based  on  Eq.  (3)  and  GOT  measurement,  the  diffusion  coeffi¬ 
cients  of  Li+  at  varied  voltages  can  be  obtained,  as  shown  in  Fig.  8(d) 
and  (e).  The  results  of  the  charge  section  have  a  similar  rule  to  the 
initial  charge  curve  shown  in  Fig.  3.  At  the  charge  process  from  3.8  V 
to  4.3  V,  the  Li+  probably  extracts  from  the  UMO2  (M  =  Mn,  Ni,  Co) 
regions.  The  DLi+  is  almost  a  constant,  about  10  14  cm2  s_1  at  that 
process.  However,  at  the  end  of  the  first  charge  platform  (from 
4.25  V  to  4.48  V),  the  DLi+  decreases  rapidly.  The  smallest  DLi+  of 
5.853  x  10-18  cm2  s  1  is  obtained  at  4.48  V.  As  the  charge  process 
goes  along,  the  Du  increases  to  about  10-15  cm2  s_1  at  the  charge 
platform  of  about  4.55  V,  corresponding  to  the  activation  section  of 
L^MnCh  regions.  It  probably  indicates  that  the  diffusion  of  Li+  in 
Li2Mn03  regions  is  slower  than  that  in  LiM02  (M  =  Mn,  Ni,  Co) 
regions.  In  comparison  with  typical  layered  oxides  such  as 
LiCoC>2  (10-7— 10-11  cm2  s_1)  [47]  and  LiNi1/3Coi/3Mn1/302 
(10-9— 10_1°  cm2  s_1)  [48],  the  DLi+  obtained  here  is  extremely 
small.  It  is  attributed  to  the  existence  of  L^MnCb  regions  which 
may  be  one  of  the  significant  factors  for  the  unsatisfactory  rate 
capability  of  Li-rich  oxide  cathode.  Similarly,  at  the  end  of  the 
charge,  the  Du+  decreases  again. 

Fig.  8(e)  shows  the  variation  of  DLi+  during  the  whole  discharge 
process.  It  decreases  almost  linearly  from  the  beginning  to  about 
3.1  V,  and  becomes  stable  at  the  end  of  discharge.  The  DLi+  obtained 
here  is  also  extremely  small  comparing  to  the  typical  layered  oxide. 
This  is  understandable  because  abundant  Li+  and  O  were  removed 
during  the  transformation  from  Lii.i3iMno.504Nio.243Coo.i22C>2  to 
LixM02.  So  the  resultant  crystal  lattice  is  not  perfect,  which  there¬ 
fore  retards  the  diffusion  of  Li+.  Furthermore,  the  reactions  during 
the  charge-discharge  process  are  extremely  complex,  which 
include  not  only  Li+  diffusion  but  also  oxygen  loss,  metal  ion 
dissolution  and  structural  rearrangement.  Thus,  the  DLi+  obtained 
here  should  be  regarded  as  pseudo  or  apparent  diffusion  coeffi¬ 
cients  [41], 


4.  Conclusions 


Lii.i3iMno.504Nio.243Coo.i2202  cathode  materials  were  synthe¬ 
sized  via  freeze  drying  followed  by  high-temperature  solid  state 
reaction.  Well-formed  structure  can  be  obtained  from  750  °C  to 
850  °C,  and  the  oxide  synthesized  at  800  °C  delivers  the  highest 
initial  discharge  capacity  of  246.5  mAh  g  _1  at  0.1  C  and 
197.8  mAh  g_1  at  1  C  in  the  voltage  range  of  2.5— 4.8  V.  78.8% 


capacity  is  retained  after  50  cycles  at  1  C.  The  decrease  of  the 
capacity  results  from  the  side  reactions.  Furthermore,  small  Du+ 
calculated  by  GOT  indicates  that  the  diffusion  of  Li+  in  the  Li-rich 
layered  oxide  is  slow  due  to  the  existence  and  transformation  of 
Li2MnC>3  regions.  Liii3iMno.504Nio.243Coo.i22C>2  prepared  by  freeze 
drying  will  be  a  promising  cathode  material  for  lithium  ion 
batteries. 
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